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ABSTRACT

Improvements to the expanding ring test for determination of dynamic material properties are described.
The improvements alleviate Drevious difficulties associated with double-differentiation of ring dlsDlacmnent-
time c;~t.a,The technique is illustrated utilizing 606i-O and 6061-16 aluminum rings expanded ;ell into the
plfisticrdnge at strain rdtes up to 10’’/S. Two-dimensional numerical tnvestlqaticns of the expansion process
qualitatively predict observed results and clarify the range over which data is useful for determining material
properties.

INTHODI!CTION

Since its introduction nt?arlytwo decades ago, the cxpandinq ring test has shown conslderahle promis~ as a
simple nwthod of obtfiininqstrain-rate-sensitive ~nidaia] stress property datd. The procedure is to monttor
tht?radld] motiflnof d freely expandtng r,ng. The stress-straln-straln rate response of the ring material can
thf?nbe Cdlculdtcd from the ring equation of motion and the recorded ddta.

The duthors have recently presented preliminary results] on a modification to the ernpandtngrfng test thdt

overctmws the double diff~rentidtion difficulty encountered by others using displacement-time expanding ring
ddta to calculdte stresso~” The procedure used 1s to d~rectly measure the radial veloclty-time of the
uniformly expdndlng rirg by means of d laser velocity intcrferometerob By both integrating and dtfferentfating
the vcloclty-ttnw data only once, dynamic stress-strflincurves for a material at various valurs of strain rate
are deduced and presented in the form of three-dimensional stress-strain- strain rate curves.

It Is the purpose of the preser,tpeper to describe improvements and applications of the method reported in
Ref. 1, Expdnding ring experimental results on 6061-C and 606]-T6 aluminum are described over a wide range of
strain rdtes. Ill@secrnperimentalresults are usrd to illustrate improvements In the previous st~tdreduction
tcchniouf?si In dddltiOn. the exDerfment&l results are comoared with two-dimensional numerical calculations
that wiic performed to increase ~hs+understanrllngof the detailed phenomenolos. of th~ enpm
calculations, which includf?the effects of wave propagation through the rtng as ILII as dxia
were performed w!th a hydrodynam~c computer progrdm.

GUVEHNING IIINGEQUATIONS

The clrcumfrr~nttal stress, H, in a thin rfng of radius r undergoing symmetrical radial
from Newton’s Second Law, ts

u=” -Ilrr ,
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where p Is mass density of the ring material and F Is radial acceleration. If one assumes that plastic strains
conserve volume and the elastic volume change is negligible, then density does not ?hange with ring expansion
and Eq. (1) can be shown to be based on current cross-sectional area; i.e., o represents true stress.

True strain is given by L ■ ln(r/ro) where r. ■ initial ring radius. T?ue strain rate thetibecomes
k ~ fir.

Determination of dynamic stress-strain-strain rate contours Is conceptually quite simple. The ring
initially undergoes a rapid acceleration; then, as the ring expants outward, its radial ‘velocity,~, decrease~
because of the opposing hoop stress, o. Based only upon radial ring velocity ~(t), as measured directly by the
velocity int?rfermneter at some time ~,,it is possible to calculate radial displacement, r(t), by nwnerical
integration and radial Acceleration, r(t), by a single numerical differentiation. The stress-strain-strain
rate point at that instant of time, t, can then be determined by appropriate application of the dbove equa-
tions..

In this work we assume that the stress-strain-strain rate behavior can be represented by a surface in
three-space, and, for purposes of illustration of the expanding ring technique, results are prest=ntedin
stress-stra!n-strain rdte space. The t~ajectory of a given expanding ring is represented by a sing’lecurved
line in stress-strain-strain rate space with strain rate monotonically decreasing and strain monotonically
increasing when the material is deforming plastically. By running several experiments for a given material
over a range of initial strain rates, a series of lines is plotted in this three-space and a surface WI1l
emerge. (juasi-ztaticdata, which should also fall on this surface, can then be plotted on the t ■ Oplane for
comparison if desired,

EXPERIMCVTAL PROGRAM

Ring-Drivmr System
The exp~rimrnt is constructed as shown in Fig. 1. A ring of the material to be studied is press-fitted

onto a steel cylindrical driver. The prc,>-rit insures tqOOrI contact between the ring and driver and pre-loads
the ring to a huop stress about equdl to the yield strength. Subsequent radial displacement is essentially all
pldStiC. A cylinder of high explosive is centered Inside the driver and detonators are pldced on both ends ot
the explosive, A field l~ns is pldccrlapproximately a focdl length from the surface of the ring and thu beam
frml a laser is focussed to a small spot on the ring that has been slightly roughen~d to diffusely reflect the
be~m, The lens also acts ds a collector for this reflected beam, sending it back to the interferometer as a
broad, parallel beiim. The steel driker and ring are ricsign~dso thdt when the Explosive detonates, the driver
undl!rgocselastic and :Iightly plastic expansion. The thin ring, however, separates from the driver and undl!r-
qocs lar91!plaStlC def~rmdtlons as Its initial kinetic @nPrgy is dissipated into p!astlc wurk.

~eloclt Interferometer S stem
+~a~~~d schs!n,attcof the interferometer system. The retlirnbeam is reduced in size,

split, and directed into two interferometers, the st?nsitivitiesof which can be adjusted Independently. The
interferomet.crltsycutis similar to the VISAlldeveloped by Barker and Nollenbach.4 Flccausewe needed greater
velocity sensitivity than is normally possible with tileVISAR using etalons as optical delays, d modified
version of an air delay leg sugy~sted by Lmcry!)was incorporated into th~ high sensitivity interferometer on
theso enperimcnt$. [)et~ilsof the intcrf~rcmter and the data reduction are in Refs, 4 and 5. Driefly, the
frequ?ncu of the return beam reflected from the moving target is Doppler-shifted by an amount proportional to
the veloclty of the tdrgct. In the iadl~tdual tnterfermeters, the beam is split and the light traversing one
lcg of the intnrferomcter is delayed a small dmount relative to the other leg (typicdlly a few tenths of a
nanosecond to as much ds 20 nano~ecnnds). Thus, the two beams that are combtned to give iIIt@rferenC@ Wre

reflected from t!!~target dt two different times. If the target is accelerating, these two beams will have
sliqhtly different frequencies df!d the resulting differ~nce frequency is detected hy photomultlpli~rs and
recorded on oscilloscopes. These trdces provide a continuous record of the tdryet velocity to within a few
m@ters/s@cond,

~rimwnts Conducted
~aterials o~ch expending ring experiments have been conducted to date include ?ardened ana annealed

cnppor, fIOtil-Tfiand 6061wn olumlnum, lead, urdniurl-6%nlobfurnalloy, as wrl! as rocket propcl!dnt. The
parameters varied in ?.IIOSPt~sts are the mas$ of expiostve and tho size of the driver/riny system. Numerous
identical experiments have bt?enpcrform~d to check on reproducibility of the data.

lHEOIILTICALINVESTIGATION OF TWO-DIMENSIONAL ErFEC7S

A typitdl veloclty-time curve from an expanding ring test with annealed alumtnum is shuwn In Fig. 3. Follr
reglunsl uach halvinga somewha: different behiivlor,:an be i<entifled. Region I contains tho In,tial ring
acceleration caused by tho shock w.lvere?l~ctlon at thp ring surface and also includes the subseq’lentrddidl
wave reflections, Region II sta:-tsafter the radial wave motton his damped and ccntalns a ps+riodof rapfdly
decreasfnq velocity with the dets?l~ratlonhlghcr tn tho begfnnlng and lower nedr tiles?ndof thf!region, Region
Ill contdirssa period of fdtrly constant d@:el@rd~.10fi.Th@ arrival of the first uhwantd dlsturhancc mdrk.st.hr
beglnntn!lnf Ihyion IV. V@luclty-timv datd from Reqlons I ur IV ohvtously cannot hp usrd tn infer stress. Thr



primary data window IS Region 111, and a central question concerning the Interpretation of the data Is whether
or not data from Region 11 should be used to infer flow stress of the test material.

To Investigate details of the driver-ring interaction, several two-dimensional, flnlte-difference calcu-
lations were made. These calculations were performed with a Lagranglan continuum mechanics code similar’to the
one described by Ullklns,b To simplify the calculation, the driver was initially given a uniform outward
radial velocity, and the test ring was Initially motionless. Although this configuration is highly s~mplified
compared to the motion induced by the detonation of an explosive, it iS assumed to Certain the essence of the
launch process.

Figure 4a shows a calculated velocity-time curve for an aluminum ring with a yield strength in tension of
0.18 GPa. The initial radial velocity of the driver was 100m/s, and the velocity plotted In Fig. 4a is for
the point on the ring which is observed by the interferometer. For this calculation, the material was treated
as elastic-perfectly plastic. Rflions 1, 11, and III can clearly be identified In the calculated velocity-time
curve of Fig. 4a. Figure 4b shows the veloci.y-time curve for a calculation that Is nearly ld~ntlcal to the
one that produced Fig. 4a, but this calculation was for a one-dimensional problem; i.e., both driver and ring
were assumed to be long cylinders.
Fig. 4b.

Region II does not appear In the one-dimensional veloclty-time curve of
From these calculated results, one concludes that Region II, the period of rapidly decreasing velO-

city and deceleration, can result from two-dimensional flow effects In materials that are not rate sensitive.
Therefore, in the ●xpanding ring test, care muzt be taken to avoid the use of data that m~y be affected by
two-dimensionaleffects.

Oata Reduction Technique and Results
analysis of these experiments requires smoothing and subsequen? differentiation and integration

of theh~umeticdl data t(t). Spline functions are often reconsnendedfor this purpose becal’setheir extreme
flexibility and strong local properties make them unlikely to introduce the bias often esfhibitedby more rigid
models such as global polynanials.7 The spllne function proposed by Reinscha’g is used here. 7he method
contains a parameter that serves as a convenient smoothing control. The method is illustrated In Fig. 5. The
effect of smoothing F(t) with the Reinsch algorlthm for three variations in the smoothing parameter car,be
seen. Evaluation of the smoothing function and its derivative and integral results In values U: smoothed
radial displacement, velocity, and acceleration,that together with the ring equations given earlier, determine
stress-strain-strainrate triples.

Figure 6 is a stress-strain curve (including elastic unloading) obtained with what appeared to be OpC~Mdl

smoothing. A sunmsaryof the data obtained in this way is displayed in Stress-strain-strain rate space fOr
6061-T6 aluminum and 606!-0 aluminum in Figs. 7 and 8, respectively. The beginnings of a stress-strain-strain
rate surface are seen to emerge, with stress levels (at d given strain) generally increasing slightly with rate
of strain.

CONCLUSIONS

Methods have been presented herein for improving the well-known ●xpandino ring experiment for dynamic
flldlcrialproperty determinations. The new procedure, which Incorporates a velocfty interferometer for alrect
ring velocity-time measurements, overcomes prevtous difficulties associated with double differentiation of ring
rlisplacpment-timecldta.

An improved scheme for data reduction and development of stress-strain-strain rate surfaces ar~ descrlbod.
Finally, results of a detailed, two dimensional analysis of the ring ●xpansion process arp presented ano
compared with experimentally recorded velocity-time data. Experlm@ntal and calculational velocity-time traces
are In good agreement, and the cmnparlsons serve to delineate the usefbl ranfJnover which the rin~ o.ltaprovide
reliable material property information,
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Itg. 1
Cross-Sectional View of the Experiment

Fig. 2
SimlIllfiedschematic of the laser velocity inter-
ferometer system used on these experiments. Each
of the two separate interferometers h~s a photo-
multip]ier (F .,nnnitoring the return light dnd

two PM’s recording the interference lnformaLion.
Additional optics (not shown) permit quadrature
recorciingof the interference information, ena5l-
ing the sign of the target acceleration to be
determined,
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Fig. 3
Typical Veloctty-Ttme Curve for 6061-0 Alumtnum
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Calculated veloclty-t~me curves for the test ring. Fig, 4a. driver velocity ‘lOi)m/s, yield strength
❑ 0,18 GPJ. Fig, 4b: calculation with nvjtiollrestricted to the radial direction only. Oriver velocity
= IdOnI/s, yield strength = 0,18 GPa.
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The history of hoop stress for an experlnn?nt
01160SI-T6 dll,mlnumshowing the effect of smothing
?(1) with the Reinsch algorlthw. rhe parameter is
assigned Stdndard deviation In @s.
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Fig. 6
The response of 6061-16 aluminum determined

from the data of rig. 5

Fig, 7
Stress-strain-strafn rate plolof data from

expdndfng ring tests on 6061-T6 allninum,

Ffg, 8
Stress-strain strain rate plot of dath from

mpanding ring tests on 6061-0 aluininun,


